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INTRODUCTION
Treatment of anterior cruciate ligament (ACL) injury includes individualised rehabilitation, with or without additional reconstruction of the ACL (ACLR), with the goal of improving knee stability, muscle function and patient-reported outcomes (PROs). 1 Despite treatment, knee-specific PROs seldom reach preinjury levels or levels of reference values of age-matched and sexmatched population-based group. [2] [3] [4] Knee-specific PROs reflect the patient's perspective on how the knee injury affects their daily life, including symptoms, function, quality of life and activity level. 5 Unsuccessful outcome, such as poor knee function and pain, can result in direct and indirect costs for the individual and the society. 6 Therefore, it is important to determine modifiable factors that may improve PRO scores in people with ACL injury. Muscle function may be one such modifiable factor.
Cross-sectional studies have shown that impairments in muscle function are associated with worse knee function after ACL injury. [7] [8] [9] However, the causal relationship between muscle function and PRO scores cannot be established in cross-sectional studies. There have been few longitudinal, prospective studies reporting the short-term and long-term relationships between muscle function and PROs after ACL injury. [10] [11] [12] [13] [14] Four of these studies reported that better functional performance, measured at different time points after injury or ACLR, predicted better self-reported knee function at follow-up at 1, 11-13 2 14 or 5 13 years. One study observed no associations between muscle function and future self-reported knee function. 10 Times for assessing muscle function
Summary box
▪ Optimising muscle function during rehabilitation could potentially be important for present and future self-reported knee function and kneespecific activity level. ▪ Single-leg hop performance and postural orientation were more important aspects of muscle function than muscle strength for future knee function. ▪ Muscle function was more associated with the frequency of performing knee-demanding activities (Activity Rating Scale) than the level of sport-specific activity (Tegner Activity Scale), particularly cross-sectionally.
and follow-up with PRO scores differ between these studies. Assessing muscle function at least 2 years after ACL injury may be an optimal time point for studying its relation to future PRO scores, because muscle function appears to improve up to ∼2 years after injury/ACLR, and appears to be sustained at medium term follow-up. 15 We aimed to investigate the cross-sectional and longitudinal associations between lower extremity muscle function and PRO scores after ACL injury/ACLR.
METHODS

Participants
The cohort, consisting of 54 participants 16 (table 1) , originates from the Knee Anterior Cruciate Ligament, Nonsurgical versus Surgical Treatment (KANON) study (ISRCTN84752559), 1 a randomised controlled trial including 121 physically active participants suffering an acute ACL injury. The KANON study compared two forms of ACL treatments, both consisting of structured rehabilitation combined with either an early ACLR or the option of a later ACLR. 1 The present subcohort of the KANON study underwent extensive testing of muscle function at 3 years, including hop and muscle strength test batteries, 16 and postural orientation during functional tasks 17 at mean 3 years, and PROs at mean 3 and 5 years, 17 18 after injury/ACLR. The study was approved by the Research Ethics Committee at Lund University, and all participants gave their written informed consent.
Assessment of muscle function
Assessment of muscle function in terms of hop performance, muscle power and postural orientation was performed at mean 3 years (SD 0.85) (table 2). 16 19 Hop performance The hop test battery consisted of the following tests as previously described: 16 single-leg vertical hop where the maximum jump height (cm) was measured by the use of an infrared contact mat (Muscle Laboratory; Ergotest Technology, Oslo, Norway), the one leg hop for distance (cm) where the participant jumped as far as possible by taking off and landing on one leg and the side hop where the participant was to jump from side to side as many times as possible outside of a 40 cm wide area marked on the floor during a period of 30 s.
Muscle strength
The muscle strength tests included quadriceps muscle power through a knee extension test (from 110°knee flexion to full extension), hamstring muscle power in a knee flexion test (from full knee extension to 110°knee flexion) and lower extremity muscle power with a leg press test (from 90°knee and hip flexion to fully extended knee and 30°hip flexion) as described. 16 The tests were performed in weight training machines intended for knee extension, knee flexion and leg press, respectively, where the average power output (W) was recorded using a computerised system (Muscle Laboratory; Ergotest Technology). 16 Absolute values (W, cm) and Limb Symmetry Index (LSI) values were used in the analysis of the hop and muscle power tests. LSI represents the percentage difference between the absolute value of the injured and the uninjured legs where an LSI≥90% is considered normal. 15 Postural orientation Postural orientation was visually rated during the performance of five functional tasks with the Test for Substitution Patterns (TSP): 'Body weight-altering test', 'Tip-toe standing knee flexion', 'Knee flexion-extension standing on one leg', 'Forward lunge from stairs' and 'Mini-squat'. 17 The TSP includes a total score for all the tasks based on the orientation of several body segments. The total TSP scores could range from 0 to 54 points with lower scores indicating better results. The TSP has shown good inter-reliability and intrareliability. 19 For postural orientation, the absolute values for the injured leg (TSP total score) and the difference between the absolute values of the injured and the uninjured leg (TSP diff ) were used in the analysis.
Patient-reported outcomes
The participants reported their knee function and kneespecific activity level at the same occasion as the assessment of muscle function and at a 5-year follow-up (table 2) .
Knee function
The participants reported their knee function through the Swedish version 20 of the Knee Injury and Osteoarthritis Outcome Score (KOOS), which is valid and reliable for individuals with ACL injury/reconstruction. 21 The KOOS contains five subscales, covering pain, symptoms, activities of daily living, function in sports and recreational activities, and quality of life, with separate normalised scores ranging from 0 (worst) to 100 (best). The subscales Pain (KOOS Pain), Function in sport and recreation (KOOS Sport/rec) and Knee-related Quality of life (KOOS QoL) were included in the analysis. The item Q3 from the subscale QoL, where patients report trouble with lack of knee confidence on a score from 0 (no at all) to 4 (extremely troubled), has been reported at 3 years 8 and was in the present study included in the longitudinal analyses.
Knee-specific activity
The participants rated their knee activity level using the Tegner Activity Scale (TAS) and the Activity Rating Scale (ARS) for disorders of the knee. 5 The TAS is designed to evaluate individuals with knee injury and their level of activity based on specific sports participation and/or line of work. The TAS ranges from 0 (sick leave or disability due to knee problems) to 10 ( participation in competitive sports at a national or international level). The TAS is valid and reliable for assessing activity level in individuals with knee conditions, that is, ACL injury. 5 The ARS evaluates the level of activity with focus on several components of physical function required in different sports. This score rates the frequency of participation in four separate activities with high demands on knee function: running, cutting, decelerating and pivoting, each analysed separately. Each item is graded on a five-level scale from 'none' to '4 or more times a week' and a total score from 16 (most frequent participation) to 0 (no participation) is calculated. The ARS is valid and reliable for evaluation of activity level among individuals with knee disorders, including ligament injury. 5 
Statistical analysis
Statistical analyses were performed using IBM SPSS for Windows, V.22.0 (IBM Corp., Armonk, New York, USA). Spearman's rank-order correlation analysis was used to test the associations between the muscle function tests. Any correlations above 0.8 between two muscle function tests resulted in the exclusion of one of the tests; the knee flexion (W), the leg press (W) and the one leg hop tests were excluded based on previous findings showing higher sensitivity for the knee extension and the side hop tests. 16 The correlation between TSP difference and TSP total >0.90, thus the injured leg, was sufficient to be included in further analysis. Spearman's and partial Spearman's rank-order correlation analyses were used to assess the cross-sectional (3-year) and longitudinal (5-year) associations between muscle function and PROs, controlling for gender and treatment (surgical/ non-surgical). Correlation coefficient thresholds suggested by Cohen 22 were used; correlation coefficients ≥0.10 to 0.29 represent low association, ≥0.30 to 0.49 moderate association and coefficients ≥0.50 large association. Wilcoxon signed ranks test was used to examine changes in PROs scores from 3 to 5 years. The study had an exploratory character and therefore no adjustments for multiple comparisons were made. p Values ≤ 0.05 were considered statistically significant.
RESULTS
The correlations between the muscle function tests are presented in table 3. Muscle function test scores and PRO scores are listed in table 2.
Several associations between muscle function and PROs above 0.1 were noted but no correlation coefficients equal to or above 0.5 were observed (tables 4 and 5). The unadjusted and adjusted (gender and treatment) correlation coefficients were quite similar; therefore, only the adjusted results are given.
Changes in PRO scores between 3 and 5 years There were no statistically significant changes in the KOOS scores between 3 and 5 years (KOOS Pain -1 (95% CI −3 to 2), KOOS Sport/rec 2 (95% CI −3 to 7) and KOOS QoL -6 (95% CI −6 to 3)). Ten (19%) participants reported worse scores in the KOOS Q3, 15 (28%) in the TAS and 22 (41%) in the ARS at 5 years compared with 3 years.
Cross-sectional associations between muscle function and PRO scores Knee function Worse vertical hop (cm, LSI) and TSP total score were associated with worse scores on KOOS Pain (r sp ≥0.302, p≤0.031). Worse vertical hop (cm), side hop (n, LSI) and TSP total score were associated with worse scores on KOOS Sport/rec (r sp ≥0.320, p≤0.021). Worse knee extension power (LSI), vertical hop (LSI, cm), side hop (LSI) and TSP total score were associated with worse KOOS QoL (r sp ≥0.314, p≤0.023).
Knee-specific activity Worse knee extension power (W), vertical hop (cm), side hop (n, LSI) and TSP total score were associated with lower ARS score (r sp ≥0.330, p≤0.017). Worse TSP total score was associated with lower TAS score (r sp-=0.329, p=0.018).
Longitudinal associations between muscle function and PROs About one-third of the associations in the cross-sectional analyses (table 4) remained in the longitudinal analyses (table 5) .
Knee function
Worse vertical hop (cm) was associated with worse scores on KOOS Pain (r sp =0.308, p=0.026). Worse side hop LSI was associated with worse KOOS Sport/rec (r sp =0.280, p=0.045). Worse vertical hop (LSI, cm) was associated with worse KOOS QoL (r sp =0.281, p=0.044 and r sp-=0.284, p=0.041, respectively). Worse TSP total score was associated with worse KOOS QoL (r sp =0.334, p=0.017). Worse vertical hop LSI and worse TSP total score were associated with worse KOOS Q3 (r sp =−0.324, p=0.019 and r sp =0.372, p=0.007, respectively).
Knee-specific activity Worse knee extension power (W) was associated with lower ARS score (r sp =0.281, p=0.044).
DISCUSSION
Several moderate correlations (r sp ≈0.3 to 0.5) were observed in the cross-sectional and the longitudinal analyses between muscle function and PROs. In the longitudinal analysis, worse hop performance and worse postural orientation were associated with worse future Table 3 Spearman's rank correlation coefficients (p-value) between muscle function tests (n=52-54) knee function, and worse knee extension muscle was associated with lower future knee-specific activity.
Cross-sectional and longitudinal associations
Fewer and weaker associations were observed in the longitudinal compared to the cross-sectional analyses. Specifically, there was a marked decrease in the number of associations between muscle function and future selfreported pain and function in sports and recreational activities (KOOS subscales Pain and Sport/rec) as well as future knee-specific activity level (TAS and ARS). In the longitudinal analysis, worse vertical hop performance and worse postural orientation were associated with worse future knee-related quality of life and worse knee confidence (KOOS QoL and Q3). Although no statistically significant differences were observed in PROs scores between 3 and 5 years in the present cohort, possibly due to the small sample size, there may be several explanations for the differences in the cross-sectional and the longitudinal results. During the follow-up period, the participants may have modified their activities or activity level, 23 24 or they may have had a change of perspectives due to adaptation or acceptance. 25 Contextual factors, such as social or lifestyle changes, are additional plausible explanations. [26] [27] [28] Knee function Worse vertical hop performance (cm) was associated with more future self-reported knee pain (KOOS subscale Pain). Self-reported knee pain is a significant clinical sign of symptomatic knee osteoarthritis (OA). 29 Previous reports suggest that impairments in muscle function and knee injury constitute risk factors for future knee OA. 30 31 We observed that worse performance in the vertical hop (cm, LSI), side hop (LSI) and TSP was associated with worse scores on the KOOS subscales Sport/rec, QoL and item Q3. In line with our findings, worse single-leg hop for distance performance, performed at mean 2.5 months after ACL injury, was associated with worse future scores on the IKDC 2000 at 1 year after injury. 11 In surgically treated patients, single-leg hop tests (the 6 m timed hop test and the crossover hop), conducted 6 months after ACLR, predicted worse IKDC 2000 scores 6 months later. 12 In another report from the KANON-trial, worse one leg rise (LSI) performance, assessed by the treating clinician when rehabilitation was completed at mean 8 after ACL injury or mean 11 months after ACLR, predicted worse KOOS 4 scores (mean score of the subscales Pain, Symptoms, Sport/rec and QoL) at 2 and 5 years. 13 The assessment of muscle function was performed by the treating clinician and was not as rigorous or extensive as in the present cohort. 13 In only one study, there were no associations between knee muscle strength and single-leg hop for distance assessed at 2 years after ACLR and scores on the KOOS subscales Sport/rec and QoL 9.5 years later. 10 The long time to follow-up 10 may have induced several other factors affecting the outcome. Taken together, despite temporal differences in muscle function assessment, various tests of muscle function and PRO scores, and difference in time to follow-up, our study and previous studies [11] [12] [13] indicate that worse muscle function is associated with worse future knee function. This stresses the possibility that optimising muscle function during rehabilitation may improve future PRO scores.
Knee-specific activity level Our results indicated that worse knee extension power (W) was associated with lower frequency of performing knee-demanding activities, measured with the ARS. One explanation for this may be that the ability to generate high forces during high movement velocities is an important factor in physical and athletic performance. 32 A recent study showed that worse hop performance LSI (single-leg and triple hop for distance), assessed 1 year after ACLR, was related to lower rates of return to preinjury sport level 1 year later. 14 Sousa et al 33 reported that lower muscle strength (isokinetic quadriceps and hamstring strength) and worse hop performance (vertical jump, single-leg hop and triple jump), assessed at 6 months after ACLR, were associated with lower activity level measured with the TAS at mean 4 years after ACLR. In our cohort, we found no association between hop performance at mean 3 years after ACL injury/ACLR and TAS or ARS at 5 years. The difference in time points for muscle function assessment and the difference in sample size between our study (n=54) and that by Sousa et al 33 (n=223) may be explanations for the different results.
Muscle function was more associated with the frequency of performing knee-demanding activities (ARS) than the level of sport-specific activity (TAS). This suggests that individuals who are active in knee-demanding activities, such as pivoting and cutting sports, may especially benefit from optimised muscle function for present and future frequency of performing kneedemanding activities. To the best of our knowledge, this is the first study to prospectively investigate the associations between muscle function and the ARS in the population with ACL injury. The substantial difference in numbers of associations in the cross-sectional analyses compared to the longitudinal analyses may be explained by near half of the participants modifying their activities or activity level from 3 to 5 years.
Strengths and limitations
The main strength of our study is that the data originate from the KANON study, 1 a rigorous randomised controlled trial and a well-designed cross-sectional cohort study, 16 where extensive muscle function data were collected with reliable and valid measures. Muscle function was assessed at mean 3 years after ACL injury/ACLR, at a time point when optimal muscle function likely was reached. We report cross-sectional and longitudinal results contributing to a more comprehensive view of the role of muscle function for PROs. As recommended, 15 we report absolute values for the injured leg in all muscle function tests in addition to LSI values in the analyses of the hop and the muscle strength tests. A limitation is the moderate sample size (n=54), compared to other studies (n=81-87). [11] [12] [13] Furthermore, the time to follow-up did not allow for investigation of associations between muscle function and radiographic knee OA development. 18 Clinical implications Based on our results, rehabilitation of an ACL injury should include neuromuscular exercises aimed at optimising and maintaining good single-leg hop performance and postural orientation, particularly to improve future knee-related quality of life and knee confidence. This is important, since individuals with ACL injury report major problems within knee-related quality of life and knee confidence, when assessed with the KOOS. 34 Furthermore, promoting good single-leg hop performance may reduce future self-reported knee pain, and potentially reduce the risk of knee OA. Optimising knee extension power may specifically be an important factor for individuals participating in knee-demanding activities. Our results further support the use of postural orientation as a measure of muscle function in addition to muscle strength and hop performance. 8 
17
CONCLUSIONS
Poor muscle function at 3 years was moderately associated with worse self-reported outcomes cross-sectionally and 2 years later, emphasising the potential importance of improving muscle function during the rehabilitation after ACL injury. Single-leg hop performance and postural orientation appeared to be more important aspects for future PRO scores than muscle strength.
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